Accumulation of double-stranded RNA (dsRNA) is common in virus-infected cells as a by-product of viral replication. This dsRNA activates multiple signaling pathways (29) . Among them, dsRNA induces NF-B activity, which in turn is necessary for beta interferon (IFN-␤) induction (8, 64) . dsRNA engages two different pathways that induce NF-B. On the one hand, dsRNA stimulates Toll-like receptor 3 (TLR-3) on the cell surface, triggering a signaling cascade activating NF-B (2, 30) . On the other hand, cytoplasmic dsRNA directly binds and activates the serine-threonine kinase PKR (39; for a review, see reference 10). PKR was initially described as a translational inhibitor located in an IFN-induced antiviral pathway. PKR inhibits translation through phosphorylation of the translational initiation factor eIF2␣ (37) . More recently, it has been shown that PKR regulates other pathways, including those activating IRF-1, p53, p38, and NF-B (11, 21, 31) . The induction of NF-B has a relevant role in mediating PKR functions. NF-B activation by PKR is involved in IFN-␤ induction in response to dsRNA (8) and is also necessary for PKR-triggered cell death (18) . It has been shown that NF-B activation by PKR involves the IB kinase (IKK) pathway (8, 19, 68) , but the exact mechanism is unknown. The need for PKR kinase activity in this process remains controversial (5, 8, 20) , and although an induced-proximity model of IKK activation has been proposed (16) , the involvement of additional molecules in IKK activation by PKR remains unclear.
The main regulatory mechanism of NF-B activation is mediated through its interaction with inhibitory molecules of the IB family that retain NF-B in the cytoplasm (63) . IB proteins are phosphorylated by the IKK complex at two serine residues in response to a variety of stimuli, thus tagging them for ubiquitin-proteasome-mediated degradation (51) . This event allows NF-B translocation to the nucleus, where it can regulate the transcription of different sets of genes involved in immune and inflammatory responses, cell differentiation, and control of apoptosis, among other processes (reviewed in ref- erence 17) . The IKK complex contains a structural protein termed IKK␥ or NEMO and two kinase subunits, IKK␣ and IKK␤ (16) . Recently, a second conserved pathway for NF-B activation has been described that involves NIK phosphorylation of a complex containing IKK␣, which in turn phosphorylates p100, thus triggering its processing and finally activating p52/RelB target genes (48) .
Since the IKK signalosome is the regulator of NF-B activation in response to a plethora of stimuli, a general question to be addressed is how these stimuli converge in activating the IKK complex. Different studies have focused on IKK activation by cytokines such as interleukin-1 and tumor necrosis factor alpha (TNF-␣). It seems that MEKK3 and other kinases such as NAK or TAK1 are upstream regulators of these pathways resulting in IKK␤ phosphorylation (16, 32, 44) . However, kinases activating the IKK complex in other pathways have not been clearly identified. Conversely, several pathway-specific adapter proteins, such as members of the TRAF (TNF receptor-associated factor) family or MyD88 and TIRAP (Toll-interleukin-1 receptor adapter protein), play a role upstream of IKK activation (3, 27, 28, 66) . For example, TRAF2 and TRAF5 have been shown to recruit the IKK complex to the TNF receptor (14) , and this step is a prerequisite for IKK activation. TRAF proteins are widely conserved in mammals and other eukaryotes. They have emerged as key signal transducers, not only for the TNF receptor superfamily but also for other pathways (9) . TRAF proteins control a wide range of biological functions, such as embryonic development or immune and stress responses. Structurally, TRAF proteins have a signature TRAF domain in the C terminus (52) . This TRAF domain is necessary for self-association and also mediates its interaction with upstream molecules (58) . Most TRAF proteins also contain a RING finger and several zing finger motifs in their N-terminal region that are involved in binding and activation of downstream effectors (53, 58) .
The aims of this investigation were to analyze whether PKR can interact with TRAFs and to define the role of this interaction in the process of NF-B activation triggered by PKR.
Here, we present evidence that members of the TRAF family of proteins interact with PKR in vivo and that this association is needed for NF-B activation by PKR. Thus, TRAF proteins are universal adapters linking NF-B activation not only to membrane receptor-triggered pathways but also to dsRNAdependent NF-B activation.
MATERIALS AND METHODS
Antibodies. Anti-hemagglutinin (HA) antibody was from Roche. Rabbit antieIF2␣ phosphorylated antibody was from Biosource. Rabbit anti-TRAF2 was from Santa Cruz. For PKR immunoprecipitation, a PKR polyclonal antibody raised against PKR expressed in Escherichia coli was used. Detection of PKR by Western blotting and immunofluorescence analysis was performed with a polyclonal antibody previously described (18) . Monoclonal antibody AC-74 for mouse ␤-actin and anti-FLAG monoclonal antibody M2 were from Sigma. IB␣ antibodies were from Cell Signaling Technologies. Rhodamine-conjugated goat A ribbon plot of the structure obtained through docking procedures for the interaction between the TRAF-interacting motif (T149/Q151/E152; red spheres) of the dsRDB2 subdomain of PKR and TRAF. TRAF trimer secondary-structure elements are depicted in grey. The dsRBD amino-terminal domain of PKR is shown as a ribbon plot (␣ helices, magenta; ␤ strands, yellow). (D) Model of the PKR (kinase domain)-TRAF interaction. A docking model of the putative interaction between the TRAF-interacting motif (P457/Q459/S46; red spheres) of the kinase domain of PKR and the TRAF domain. TRAF trimer secondary-structure elements are depicted in grey. In the kinase domain of PKR, ␣ helices are in magenta and ␤ strands are in yellow. A molecule of ATP has been included solely to indicate the position of the putative ATP binding pocket.
anti-mouse immunoglobulin G (IgG) was from Jackson Laboratory. Horseradish peroxidase-conjugated antibodies were purchased from Cappel.
Plasmids. Plasmids pCDNA3-HA-TRAF2, pCR-Flag-TRAF6, and pCR-Flag-TRAF5 (encoding the full-length protein or deletion mutant forms) have been previously described (1, 54) (57) were grown in DMEM supplemented with 10% FCS. After mock treatment or viral adsorption, cells were maintained with DMEM supplemented with 2% serum. A recombinant vaccinia virus (VV) expressing isopropyl-␤-D-thiogalactopyranoside-inducible PKR (VV PKR) or mutant PKR (K296R) and a VV expressing T7 polymerase (VT7) have been previously described (15, 36) . VV TRAF5 DN and VV TRAF6 DN were generated by recombination of the pHLZ-based vectors pTRAF5DN and pTRAF6DN, respectively, with VV in accordance with standard procedures (38) .
pIC treatment. Polyriboinosinic polyribocytidylic acid (pIC; Roche) was prepared in accordance with the manufacturer's instructions as a 10-mg/ml stock solution and stored at Ϫ20°C. Semiconfluent cells seeded the night before were serum starved for 2 h, and 10 g of pIC per ml was transfected for the time indicated with Lipofectamine (Gibco) in accordance with the supplier's instructions.
Immunoblotting. For immunoblot analysis, total cell extracts were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred onto nitrocellulose paper. Filters were incubated with antiserum overnight at 4°C and then incubated with a secondary antibody, and proteins were detected with ECL reagents (Amersham).
Confocal microscopy. HeLa cells cultured on coverslips were infected with the indicated recombinant viruses. At 16 h postinfection (hpi), cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde, and permeabilized for 10 min at room temperature with 0.1% Triton X-100 in PBS. After washing, coverslips were blocked with 20% bovine serum albumin in PBS. Cells were incubated with antibodies against PKR and FLAG (1 h, 37°C). Coverslips were washed extensively with PBS and further incubated with To-Pro (Molecular Probes) and appropriate isotype-specific secondary antibodies conjugated to fluorescein or Texas Red (1 h at 37°C). After several washes with PBS, coverslips were mounted on microscope slides with Mowiol (Calbiochem). Images were obtained with a Bio-Rad Radiance 2100 confocal laser microscope.
Immunoprecipitation analysis. Confluent PKR 0/0 cells grown in 60-mm-diameter plates were infected for 20 h with the recombinant viruses indicated, cells were collected and lysed, and the clarified supernatant was incubated overnight with 150 l of protein A-Sepharose previously incubated with specific antibodies. For the experiments showing inducible binding between PKR and TRAFs, 293T cells were transfected with the indicated plasmids for 48 h, treated with pIC or coumermycin as described, and processed as described above. Immunoprecipitates were analyzed by SDS-PAGE, followed by immunoblotting with the indicated antibodies.
Transfection of 293T cells. Semiconfluent 293T cells growing in 10-cm-diameter dishes were transfected by the calcium phosphate method with a total of 20 g of plasmid DNA. The medium was changed 16 h after transfection. Similar results were obtained with Lipofectamine (Gibco) in accordance with the supplier's instructions.
Transactivation assays. To measure NF-B transcriptional activity, we used the p3B-Luc vector containing three human immunodeficiency virus B sites upstream of the thymidine kinase minimal reporter and the luciferase cDNA and a control vector containing mutations impairing NF-B binding. At 36 h after transfection (with Lipofectamine; Gibco), cells were treated with pIC for 6 h and luciferase activity was measured with the luciferase assay system (Promega) in accordance with the manufacturer's recommendations.
Gel retardation assay. Nuclear extracts from HeLa cells were prepared as previously described (4). Three micrograms of nuclear extracts was analyzed with [␣ 32 -P]dCTP-labeled double-stranded synthetic WT human immunodeficiency virus enhancer oligonucleotide 5Ј-AGCTTACAAGGGACTTTCCGCTGGGG ACTTTCCAGGGA-3Ј containing the two B consensus motifs.
NF-B activation enzyme-linked immunosorbent assay (ELISA).
The Trans AM assay kit (Active Motif) was used in accordance with the manufacturer's instructions. This DNA-binding assay is based on the use of multiwell plates coated with an unlabeled oligonucleotide containing the consensus-binding site for NF-B. The presence of the DNA-bound transcription factor is then detected by anti-NF-B antibodies coupled to colorimetric detection (49) .
Measurement of the extent of apoptosis. The cell death detection ELISA kit (Roche) was used in accordance with the manufacturer's instructions.
Modeling of the three-dimensional structure of PKR. The atomic coordinates for the PKR dsRBD domain were obtained from Protein Data Bank (PDB [http://www.rcsb.org/pdb]) entry 1qu6 (41) . The atomic coordinates for the TRAF2 trimer structure were taken from PDB entry 1ca9 (45) . The program Swiss-PdbViewer and the SWISS-MODEL server facilities (22, 23) (http://www .expasy.ch/swissmod/SWISS-MODEL.html) were used to model the structure of the human PKR kinase domain (aa 231 to 551). The template structure used to model the kinase domain was the one corresponding to PDB entry 1fmo (43) , following the subdomain alignment proposed by Hanks and Quinn (24) (http: //www.sdsc.edu/kinases/pkr/pk_catalytic/pk_hanks_seq_align_long.html). The structure model was built with the program ProMod II (46, 47) , and the quality of the model was analyzed with the WHAT-CHECK routines (26) (B) Extracts prepared as described for panel A were immunoprecipitated with anti-PKR serum and thoroughly washed, and immunocomplexes were analyzed by SDS-PAGE and subjected to immunoblotting with antiserum to PKR or FLAG. (C) HeLa cells in 10-cm-diameter plates were infected with 10 PFU of VT7 per cell. After 1 h, a plasmid (10 g) encoding HA-tagged TRAF2 was transfected together with 10 g of the empty vector (lane 1) or with 10 g of a plasmid encoding PKR (K296R mutant form, lane 2). Cells extracts were collected at 20 hpi and analyzed by SDS-PAGE, followed by immunoblot analysis with anti-PKR or anti-HA antiserum. (D) Extracts prepared as described for panel C were immunoprecipitated with anti-HA serum and thoroughly washed, and immunocomplexes were analyzed by SDS-PAGE and subjected to immunoblotting with antiserum to PKR or HA. The asterisk denotes IgGs, and the arrows indicate the specific proteins.
program (65) . Briefly, the overall quality values of the model are poorer than the usual ones for experimental X-ray or nuclear magnetic resonance structures but acceptable in the expected region for protein structure models. The proposed docking structures between the dsRBD domain and the kinase active site, as well as the docking between the dsRNA binding motif 2 (dsRBM2) subdomain and the TRAF2 ligand groove, were obtained with the geometric docking program GRAMM (62) and the macromolecular docking program Hex (50) on the basis of spherical polar Fourier correlations, evaluating the docking score at more than 40,000 distinct rotational orientations at each of 10 different intermolecular distances (at increments of 1 Å ) between both kinase or dsRDB2 domains of the PKR and TRAF three-dimensional structures. The InsightII (Biosym/MSI, San Diego, Calif.), Rasmol (55) , and Swiss PDBViewer molecular visualization programs were used to graphically display and manipulate the biomolecular structures and generate the figures.
RESULTS
A structural model of PKR-TRAF interaction. TRAF proteins act as adapters linking extracellular receptors with several signal transduction pathways, among them the NF-B pathway (7, 40, 53) . TRAFs binds to a conserved amino acid sequence, termed the TRAF-interacting motif (13, 67) . Analysis of the PKR sequence allowed us to identify two TRAF binding motifs in PKR (one in the dsRBD2 subdomain comprising aa 149 to 152, which match the consensus P/S/A/T ϫ Q/E E, and the other in the kinase domain comprising aa 457 to 461, matching the consensus P ϫ Q ϫ S/T/D; Fig. 1 ). To investigate the feasibility of these interactions, we built a structural model of PKR by homology modeling based on the structure obtained experimentally for the dsRBD domain (PDB entry 1qu6) (41, 42) and the homology between known structures for several serine/threonine protein kinases as shown in the Hanks classification (24) . We used the structural model of PKR to assess the interaction between the putative TRAF-interacting motifs of PKR and the TRAF domain of TRAF trimers by computer docking analysis. Thus, we modeled the interaction between the TRAF peptide recognition region and (i) the dsRBD2 1C) and (ii) the PKR kinase domain-interacting motif (Fig. 1D ). Bioinformatic analysis suggested that both interactions are structurally possible and that the one involving the PKR kinase domain is energetically more feasible, as it involves the interaction of larger surfaces, including the ATP binding pocket, the putative substrate site, and part of the small lobe of the modeled kinase domain of PKR. PKR interacts with TRAFs. In view of the models shown in Fig. 1 , we decided to investigate the potential interaction between TRAFs and PKR by coimmunoprecipitation. For that purpose, we expressed epitope-tagged versions of different TRAFs together with a noncatalytic mutant form of PKR in HeLa cells. We used the VT7 transfection-infection system (15) for protein expression as this provides the correct environment for PKR activation. We have previously used a similar system based on VV recombinants capable of expressing PKR and other proteins and have shown that expression of PKR in an activated form triggers apoptosis, induces antiviral activity against VV and VSV, inhibits translation, and activates NF-B through the IKK complex (18) (19) (20) (33) (34) (35) (36) . Results obtained with this inducible virus-cell system have been confirmed by others with transfected cells or with cells derived from PKR gene knockout mice (12, 56) .
Expression of TRAF2, TRAF5, or TRAF6 together with PKR (K296R, Fig. 2 ), followed by immunoprecipitation of PKR with PKR-specific antibodies, resulted in coimmunoprecipitation of TRAF proteins, thus demonstrating an interaction between PKR and TRAFs. In order to confirm the PKR-TRAF association in vivo, we infected HeLa cells with VV PKR and VV FLAG-tagged TRAF5. Cells were then analyzed At the noted times, cell extracts were collected, immunoprecipitated (IP) with anti-FLAG serum, and thoroughly washed and immunocomplexes or whole-cell extracts (WCE) were analyzed by SDS-PAGE and subjected to immunoblotting with antiserum to PKR, FLAG, or actin. Signals were quantitated with NIH Image software. (C) Schematic representation of PKR and the GyrB-PKR chimera. The different domains of PKR are shown (dsRBMs, the third basic domain [TBD] , and the kinase domain). The chimera consists of the N-terminal 220 aa of E. coli GyrB fused to the kinase domain (aa 258 to 551) of human PKR. (D) 293T cells were transfected with 10 g each of plasmids encoding Gyr-PKR and FLAG-TRAF5 as indicated. At 48 h after transfection, cells were treated with coumermycin. At the indicated times posttreatment, cell extracts were collected, immunoprecipitated with anti-FLAG or anti-PKR serum, and thoroughly washed and immunocomplexes or whole-cell extracts (WCE) were analyzed by SDS-PAGE and subjected to immunoblotting with antiserum to PKR, FLAG, or actin. Asterisks denote IgGs, and arrows indicate the specific proteins. Signals were quantitated with NIH Image software.
by triple confocal laser scanning microscopy with a rabbit polyclonal anti-PKR antibody (red fluorescence), an anti-mouse antibody to detect FLAG-tagged TRAF5 (green fluorescence), and To-Pro to detect DNA (blue fluorescence). TRAF5 expression results in a characteristic punctate cytosolic staining (Fig. 3) . PKR expression is mainly cytoplasmic, with strong perinuclear localization. When PKR and TRAF5 were expressed together, we observed clear colocalization of PKR and TRAF5. Next, we determined whether we could observe binding between endogenous TRAF proteins and PKR. HeLa cells were treated with or without 300 U of IFN per ml in order to induce PKR (Fig. 4A) . Cell extracts were immunoprecipitated with antibodies directed against TRAF2, TRAF5, and PKR or anti-FLAG antibodies (as a negative control). Immunoprecipitates were analyzed by immunoblotting with anti-PKR antibodies. Treatment with IFN resulted in an association between TRAF proteins and PKR (Fig. 4B) . No unspecific PKR binding was observed when we used the anti-FLAG antibody as a control.
To further confirm and characterize the binding between PKR and TRAFs, we decided to use two different systems. Both were based on the use of transient transfection in 293T cells (thus avoiding VV infection). Transfection of PKR in 293T cells resulted in a dose-dependent increase in PKR of up to 3.9 times compared with endogenous levels (Fig. 5A) . First, we transfected PKR alone or together with FLAG-TRAF5 and analyzed the interaction between them upon pIC treatment (Fig. 5B) . Although a certain amount of PKR interacted with TRAF prior to pIC treatment, a significant increase in the interaction (up to threefold) was observed upon pIC treatment. Since plasmid transfection is known to increase intracellular dsRNA levels, we sought another system that could provide us with further insights into the inducibility of the binding observed. We transfected cells with FLAG-TRAF5 and with a plasmid encoding a GyrB-PKR fusion protein. This chimeric protein consists of the N-terminal 220 aa of E. coli GyrB fused to the kinase domain (aa 258 to 551) of human PKR (Fig. 5C) . After coumermycin addition, the GyrB-PKR protein dimerizes and becomes activated (60) . We found that TRAF-PKR binding is dependent on PKR dimerization, observing an increase of more than fivefold in the PKR-TRAF interaction upon coumermycin addition (Fig. 5D) . It is noteworthy that since the fusion protein contains the kinase domain and lacks the dsRNA binding domain of PKR, this experiment indicates that 
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TRAFs LINK PKR WITH NF-B ACTIVATIONthe PKR-TRAF interaction involves the PKR kinase domain; in addition, these findings are not affected by potential pitfalls caused by increased dsRNA levels associated with plasmid transfection. Together, these data suggest that PKR and TRAF proteins are able to form complexes in vivo. Domains involved in PKR-TRAF interaction. As TRAF proteins are modular proteins with distinct domains involved in mediating interactions with upstream or downstream molecules (52, 58), we reasoned that mapping the domains involved in PKR-TRAF binding will help us to further understand the nature of the interaction. In order to determine which region of PKR is required for the interaction with TRAF5, deletion mutant PKRs encompassing the kinase or the regulatory domain (Fig. 6A) were expressed in HeLa cells together with FLAG-tagged TRAF5, and their association was determined by immunoprecipitation studies. A deletion mutant form containing the kinase domain, encompassing aa 266 to 551 of PKR, showed that this domain is sufficient to bind to TRAF5, thus confirming the data shown in Fig. 5B . A minor association was also observed between TRAF5 and the PKR regulatory domain.
We also analyzed the domains of TRAF necessary for interaction with PKR with different deletion mutant TRAFs. As shown in Fig. 7 , a mutant form of TRAF5 encompassing the C-terminal TRAF domain (aa 345 to 558) was able to bind PKR K296R to an extent similar to that of full-length TRAF5. A mutant encompassing the central region of TRAF5 (aa 233 to 403) showed no binding with PKR, while an N-terminal mutant form encompassing the RING finger and Zn finger domains (aa 1 to 286) showed reduced binding to PKR. When binding of the mutant TRAFs to WT PKR was analyzed, it was apparent that PKR preferentially binds to the C-terminal domain of TRAF proteins (Fig. 7B and data not shown) . This is the same region responsible for the binding of TRAF molecules to the TRAF-interacting motif of their different upstream activators (45) . Activation of NF-B by PKR is dependent on TRAFs. TRAF proteins truncated at the N-terminal domain function as dominant negative inhibitors of TRAF signaling (52) . To evaluate the functional impact of the interaction between TRAF and PKR, we generated VV expressing dominant negative forms of both TRAF5 and TRAF6. We coexpressed mutant TRAF5 or TRAF6 together with PKR and then measured NF-B activation in nuclear cell extracts. In the absence of the TRAF dominant negative proteins, PKR activated NF-B, as measured by both gel shift assay and ELISA (Fig. 8A and B) . Increased expression of mutant TRAF proteins led to progressive reduction of NF-B activity (up to 70%). However, expression of dominant negative TRAF proteins had no effect on PKR protein levels or eIF-2␣ phosphorylation (Fig. 8C) , eliminating the possibility that they can act as PKR inhibitors.
In order to confirm these results in a virus-free environment, we analyzed transcriptional activation of NF-B reporters after transient transfection of 293T cells (Fig. 8D) . Under these conditions, TRAF dominant negative proteins also inhibited PKR-mediated NF-B activation. Expression of the CYLD tumor suppressor, which deubiquitinates TRAFs, thus inhibiting TRAF-mediated NF-B activation (6, 59) , also interfered with PKR-mediated NF-B activation (Fig. 8D) . To further prove a functional involvement of TRAF proteins in NF-B activation by PKR, we used 3T3 cells derived from doubleknockout (DKO) animals deficient in both TRAF2 and TRAF5 expression (DKO 3T3) (57) . PKR was expressed in WT or DKO 3T3 cells, and NF-B activation was measured in nuclear cell extracts (Fig. 9) . PKR expression resulted in a more-than-fourfold induction of NF-B activity in WT 3T3 cells, while no apparent NF-B activation could be observed in cells devoid of TRAF2 and TRAF5 (Fig. 9A ). Since we have previously shown that NF-B activation by PKR is involved in induction of apoptosis (18), we analyzed cell death induced by PKR in DKO 3T3 cells. In agreement with our previous observation, absence of TRAF2 and TRAF5 resulted in diminished levels of PKR-triggered cell death (Fig. 9C) . Finally, we analyzed the effect of pIC treatment on NF-B activation in DKO 3T3 cells. NF-B activation after pIC treatment was impaired in cells lacking TRAF2 and TRAF5, as assessed by IB␣ degradation and NF-B gel shift analysis ( 
DISCUSSION
PKR activates NF-B through the IKK signalosome in response to dsRNA and viruses (5, 8, 19, 68) . Although some models have been proposed, the precise molecular mechanism by which PKR activates IKK remains to be elucidated. TRAFs are adapter proteins mediating NF-B activation in response to certain membrane receptors. We identified two possible TRAF-interacting motifs in PKR by sequence analysis; one is present in the dsRBD2 subdomain, and the other is found in its kinase domain. Molecular modeling confirmed that the PKR-TRAF interaction is structurally feasible, suggesting alternative docking positions for the two structural motifs. One of these arrangements implicates dsRBD2 in the same surface patch as used for dsRNA binding, suggesting a common recognition mechanism for PKR. The other situates the kinase domain in close contact with the TRAF trimer, allowing a more stable interaction and maintaining the possibility that the dsRBD domains are free to bind other molecules or protein domains. Therefore, we decided to further analyze a role for TRAFs in mediating PKR activation.
In this investigation, we found that PKR interacts and colocalizes with different TRAF family members (at least TRAF2, -5, and -6), as demonstrated by immunoprecipitation and immunofluorescence studies. Binding studies with truncated mutant forms of TRAF served to map the interaction domain with PKR to the TRAF protein C terminus. In addition, mutant forms of PKR revealed that the PKR kinase domain is involved in the interaction with TRAF family proteins. These data are compatible with our previous report showing the requirement of PKR domains for recruitment of the IKK complex (20) . These observations are also consistent with the predicted presence of a TRAF-interacting motif in the PKR kinase domain and fit with the model presented in Fig. 1D . TRAFs are modular proteins in which the TRAF domain interacts with upstream recruiter molecules, and their N-terminal domain is involved in interaction with and activation of downstream molecules. Thus, our data locate TRAFs downstream of PKR.
Initially, we used truncated TRAF proteins that act as dominant negative mutant proteins (52) to address the effect of TRAFs on PKR signaling. Thus, we showed that expression of It is also interesting that we observed the PKR-TRAF interaction upon IFN treatment. While the simplest explanation is that this is a result of increased PKR levels, it is tempting to suggest that an IFN-induced event contributes to the recruitment and binding of TRAFs to PKR. Further studies showed us that the recruitment of TRAFs to PKR is induced by pIC, or more generally by PKR dimerization (Fig. 5) . Biochemical and structural analyses of TRAFs indicate their ability to self-associate. Therefore, TRAFs are particularly well suited to interact with and transduce signals from targets such as TNF receptors, which oligomerize in response to ligand binding (45) . In addition to mediating signaling in response to extracellular receptors, TRAF proteins have also been linked to JNK activation induced by endoplasmic reticulum stress via IRE1 dimerization (61) . It is noteworthy that it has also been shown that just clustering the N-terminal domain of TRAF family proteins is enough to begin downstream signaling events (25) . This clustering is thought to promote activation of proximal components of IKK signaling that are bound to the Nterminal domain of TRAF family proteins. dsRNA is the main physiological activator of PKR; upon its binding, it induces first PKR dimerization and later a conformational change that renders the kinase susceptible to autophosphorylation and its full activation. Hence, activation of PKR can be seen as a consequence of elevated dsRNA levels, and PKR itself can act as a dsRNA receptor. dsRNA-induced dimerization and activation of PKR could thus lead to multimerization of TRAF family proteins. In this sense, activation of NF-B by dsRNA can proceed by a pathway similar to that used by cells to respond to extracellular signals like TNF-␣. In addition to triggering PKR-mediated NF-B activation, dsRNA also induces NF-B through extracellular binding to TLR-3 (2, 30) . Interestingly, PKR functions downstream of another TLR, TLR-4, and TIRAP is the adapter protein involved in this pathway (27) . A complex containing TRAF6 has been located downstream of PKR in both the TLR-3 and TLR-4 pathways (27, 30) , thus further suggesting the relevance of the interaction between PKR and TRAFs.
In conclusion, our data provide evidence of the physical and functional interaction between PKR and TRAFs. In view of the data presented here and in previous reports, we can propose a model in which, upon dimerization, PKR would bind via its kinase domain to the TRAF protein C-terminal domain. This binding would be a requisite step for the recruitment and activation of the IKK complex by TRAFs, probably with the help of additional factors. This is the first report suggesting that TRAFs mediate NF-B signaling as a result of an intracellular stimulus, dsRNA accumulation.
